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GENETIC DIVERSITY AMONG PROSO MILLET (Panicum miliaceum)
BIOTYPES ASSESSED BY AFLP TECHNIQUE1
Diversidade Genética entre Biótipos de Proso Millet (Panicum miliaceum) Revelada pela
Técnica de AFLP
KARAM, D.2, WESTRA, P.3, NISSEN, S.J.3, WARD, S.M.4 and FIGUEIREDO, J.E.F.5
ABSTRACT - The Amplified Fragment Length Polymorphism (AFLP) technique was used to
access genetic diversity between three domestic and nine wild proso millet biotypes from
the United States and Canada. Eight primer combinations detected 39 polymorphic DNA
fragments, with the genetic distance estimates among biotypes ranging from 0.02 to 0.04.
Colorado-Weld County black seeded and Wyoming-Platte County were the most distinct
biotypes according to the dissimilarity level. A UPGMA cluster analysis revealed two distinct
groups of proso millet without any geographic association. Six weed biotypes exhibiting
some characters of cultivated plants were grouped together with domesticated biotypes of
proso millet while the three typical wild phenotypes were clearly clustered into another
group according to AFLP markers.
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RESUMO - A técnica de AFLP (Amplified Fragment Length Polymorphism) foi empregada para acessar
a diversidade genética entre três biótipos domesticados e nove biótipos selvagens de proso millet
dos Estados Unidos e do Canadá. Oito combinações de primers detectaram 39 fragmentos
polimórficos de DNA, e a estimativa da distância genética entre os biótipos variou de 0,02 a 0,04.
Colorado-Weld County de sementes pretas e Wyoming-Platte County foram os biótipos mais
distintos de acordo com o índice de dissimilaridade. A análise de cluster por UPGMA revelou
dois grupos distintos de proso millet mas sem nenhuma relação geográfica. Seis biótipos selvagens
que exibiam algumas características de plantas cultivadas foram agrupados juntamente com os
biótipos domesticados de proso millet, enquanto os três fenótipos tipicamente selvagens formaram
outro grupo distinto por marcadores AFLP.
Palavras-chave:   Proso millet, AFLP, relação taxonômica, diversidade genética.
INTRODUCTION
Proso millet, the major cultivated grain
crop in Europe since 2000, is currently
produced in Eastern Europe, Russia, China,
India, and North America (Anderson & Martin,
1949; Grabouski, 1971; Baltensperger, 1996).
It was first introduced to Canada in the 17th
Century. Wild-proso millet, the weed form of
proso millet, has become one of the most
aggressive grass weeds in North America over
the past 25 years. (Bough & Cavers, 1987).
High infestation of wild-proso millet was
first reported in Minnesota and Wisconsin in
the early 1970s and since this period, proso
millet weed has become a problem in different
regions of the United States and Canada
(Bough et al., 1986; Cavers & Bough, 1985;
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Doersch & Cavers, 1979; Eberlein et al., 1990;
Harvey, 1979; Strand et al., 1973; WSSA,
1992).  
Even though it is considered to be a self-
pollinated species with only about 10% of cross-
pollination, different types of proso millet
have been reported (Colosi & Shaal 1997).
Although many studies of wild proso millet
populations have been carried out, further
work is necessary to understand the genetic
basis of phenotypic variation among different
ecotypes.
Molecular markers have been used to
assess genetic diversity as well as to establish
taxonomic and phylogenetic relationships in
living organisms. Restriction fragment length
polymorphism (RFLP) developed by Botstein
et al. (1980) has been used as a tool for
detecting polymorphism among and within
weed and cultivated species (Guttieri et al.,
1992; Krugman et al., 1997). Random amplified
polymorphic DNA (RAPD) has also been used
to detect polymorphism as well as to develop
detailed genetic maps of weed species (Katzir
et al., 1996; Vellekoop et al., 1996; Rowe et al.
1997). In proso millet, Colosi & Shaal (1997)
found 97 RAPD genotypes (69 wild proso
millet, 26 crop and feral crop weed, and
2 hybrids between crop and wild types) among
398 individuals with DNA polymorphism
suggesting hybridization between wild proso
millet and crop biotypes in about 10% of the
genotypes.
The AFLP (Amplified Fragment Length
Polymorphism) technique for genomic DNA
fingerprinting (Zabeau, 1992; Zabeau & Vos
1993; Vos et al., 1995; Blears et al., 1998) has
been used to evaluate levels of polymorphism,
genetic mapping and cloning DNA sequences
in a variety of cultivated species (Becker et al.,
1995; Meksem et al., 1995; Cervera et al.,
1996; Cho et al., 1996; Lin, et al., 1996;
Mackill et al., 1996; Travis et al., 1996;
VanToai et al., 1996a, b; Greef et al., 1997;
Paul et al., 1997; Voorrips et al., 1997; Liscum
& Oeller, 1999). The AFLP fingerprinting was
used for studying genetic structure between
and within gene pools of wild bean (Phaseolus
vulgaris) (Tohme et al., 1996) and genetic
relationships among Kenyan tea (Camelia
sinensis) (Paul et al., 1997) and Lactuca spp.
(Hill et al., 1996). However, the use of AFLP for
studying genotypic polymorphism in wild/
weed relatives of cultivated plants is still
insufficient. The purpose of the present study
was to evaluate the genetic diversity in wild
and domesticated proso millet biotypes by
using AFLP. Considerations will be raised
about eco-physiological traits among biotypes.
MATERIALS AND METHODS
Plant material
Eight randomly selected plants for each of
three domestic and nine wild biotypes of
proso millet (Table 1) were grown in a chamber
with 16 h photoperiod, 25-20 oC (day-night
temperature), and 50% relative humidity for
two weeks.
DNA extraction
Fresh leaves of each plant were ground
with liquid nitrogen to obtain about 100 mg
of fine powder. Genomic DNA was extracted
with Dneasy Plant Mini Kit (Qiagen Inc,
Valencia, CA 91355). The procedure
precipitates cell debris and salt using a QIA
shredder spin column and the purified DNA is
eluted from a Dneasy spin column. The DNA
quality was checked in 1% agarose gels, its
purity and concentration measured by a
spectrophotometer (260/280 nm).
AFLP procedure
The AFLP procedure is property of KeyGene
(Wageningen, The Netherlands) (Zabeau & Vos
1993). The method used was based on AFLPTM
Analysis System and AFLP Starter Primer
protocol, provided by Life Technologies, with
modifications. Restriction digestion of DNA
was performed as described in GibcoBRL
protocol. Briefly, 500 ng of genomic DNA were
digested for 2 h and 30 min at 37 °C, with 2.5
units of EcoR I and Mse I restriction enzymes
using 2 µL of a mix of EcoR I and Mse I, in buffer
solution (10 mM Tris-HCl (pH 7.5), 50 mM NaCl,
0.1 mM EDTA, 1 mM DTT, 0.1 mg mL-1 BSA,
50% (v/v) glycerol, 0.1% Triton® X-100). The
restriction enzymes were inactivated by
heating reaction at 70 °C for 15 min and
immediately placed on ice for 5 min. Adaptor
ligation reactions were performed with 24 µL
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of adapter ligation solution (EcoR I and Mse I
adapters, 0.4 mM ATP, 10 mM Tris-HCl (pH
7.5), 10 mM Mg-acetate, 50 mM K-acetate), 1 µL
of 1 U µL-1 of T4 DNA ligase, and incubated at
20 oC for 2h. A pre-amplification reaction was
made mixing 5 µL of ligated DNA, 1 µL of
1 U µL-1 Taq DNA polymerase, 5 µL of 10 X PCR
buffer, and 40 µL of pre-Amp primer mix, to a
final volume of 51 µL. A 20 cycle (94 oC for 30 s,
52 oC for 60 s, 72 oC for 60 s) PCR was performed
for pre-amplification of the DNA template.
A dilution to 1:4 (v/v) of the pre-amplified
product was made using TE buffer. All reagents
and solutions were obtained in the AFLP
Core reagent kit from Life Technologies.
Selective amplification was performed with
modification from the original protocol from
Life Technologies. EcoR I and Mse I primers
(30 ng each) were mixed with 2 µL of the diluted
pre-amplified product, 2 µL of 10 X Taq buffer
(200 mM Tris-HCl (pH 8.4), 15 mM MgCl2,
500 mM KCl), 0.2 µL of 5 U µL-1 Taq DNA
polymerase and brought to 20 µL final
volume with distilled water. The selective
amplifications were performed using the
following two/three (EcoR-TC/Mse-CAA; EcoR-
TG/Mse-CTC), and three/three pairs of
primers (EcoR-AAG/Mse-CAA; EcoR-AGG/
Mse-CTT; Eco-AAG/Mse-CAG; EcoR-AGG/
Mse-CTAEcoR-AAC/Mse-CTT; EcoR-ACT/
Mse-CAA). The PCR program was: one cycle at
94 oC for 30 s; 65 oC for 30 s; and 72 oC for 60 s;
followed by a touch down phase of 13 cycles
of 1 oC lower annealing temperature at
each cycle. Afterwards, 23 cycles at 94 oC
for 30 s; 56 oC for 30 s; and 72 oC for 60 s
were performed. The pre and selective
amplifications were performed in a PTC-100TM
programmable Thermal Controller (MJ
Research, Inc).
Gel electrophoresis and silver stain
After PCR, an equal volume of formamide
dye (98% formamide, 10 mM EDTA, 0,005%
bromophenol blue, 0.005% xylene cyanol FF)
was added to each reaction tube. The samples
were denatured by heating at 95 oC for 5 min
and immediately placed on ice. Five micro
liters of each sample were loaded on 5.3%
polyacrylamide gel [20:1 polyacrylamide:bis;
7.5 M Urea; 1 X TBE buffer (54 g Tris; 55 g
boric acid; 40 mL 0.25 M EDTA pH 8.0)].
Electrophoresis was performed in a Sequi-Gen
0.04 x 38 x 50 cm apparatus (Bio-Rad
Laboratories, Richmond, CA) in 1 X TBE buffer
at constant power (75W) for 2 h and 45 min at
50 oC with a PC 3000 Power Supply (Bio-Rad
Laboratories, Richmond, CA).
Table 1 - Genetic similarity coefficients among proso millet biotypes estimated by Nei & Li (1979) definition of similarity 
Accession Number Accession 
Number Origin 
Seed 
Color 1 2 3 4 5 6 7 8 9 10 11 12 
  1 Minnesota-Cambridge olive             
  2 Canada-Rosemount black 0.98            
  3 Oregon-Grand Island olive 0.97 0.97           
  4 Canada-Huron County black 0.98 0.98 0.98          
  5 Nebraska-Panhandle Center tan 0.97 0.96 0.97 0.96         
 6 Wyoming-Platte County brown 0.97 0.96 0.97 0.97 0.99        
  7 Colorado-Weld County black 0.98 0.98 0.97 0.98 0.96 0.96       
  8 Colorado-Weld County tan 0.97 0.96 0.97 0.96 1.00 0.99 0.96      
  9 South Dakota domesticated brown 0.98 0.98 0.97 0.98 0.97 0.96 0.99 0.96     
10 Colorado domesticated white 0.98 0.99 0.97 0.98 0.97 0.96 0.99 0.96 0.99    
11 Colorado domesticated orange 0.98 1.00 0.97 0.98 0.96 0.96 0.99 0.96 0.99 0.99   
12 Colorado-Larimer white 0.98 0.99 0.97 0.98 0.97 0.96 0.99 0.96 0.98 0.99 0.99  
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Gels were fixed with gentle agitation in
10% acetic acid followed by three 2 min water
rinses.  Silver staining was performed in a
solution containing 2 g of silver nitrate and
3 mL of 37% formaldehyde in 2 liters of water,
for 30 min. Gels were then rinsed in water for
10 s and developed in a solution containing 60 g
of sodium carbonate (Fisher Chemical); 3 mL
formaldehyde; and 400 µL of sodium thiosulfate
(Fisher Chemical). Once bands were visible,
the developing process was stopped by adding
10% glacial acetic acid solution.
Data analysis
The data were analyzed by the UPGMA
(unweighted pair-group method with
arithmetical averages) procedure of the
NTSYS-PC software, version 2.02j (Exeter
Software). Genetic distances were calculated
following the equation:
Sij = 2a / (2a + b + c) (Nei & Li 1979)     (1)
where Sij is the similarity index between two
biotypes, i and j; a is the number of bands
present in both i and j biotypes; b is the number
of bands present only in the i biotype and c is
the number of bands present only in the j
biotype. Conversion to genetic distance (Gdij)
was made by:
Gdij = 1 – Sij     (2)
Genetic similarities were measured by
using the equation:
Gsij = Cij/Nij     (3)
where Gsij is the measurement of the genetic
similarity between biotypes i and j, Cij is the
number of bands present in i and j, and Nij is
the total number of bands scored (Hill et al.,
1996).
RESULTS AND DISCUSSION
In the present study, a high resolution
silver stained polyacrylamide gel without
radioactive isotopes showed to be efficient to
visualize PCR amplified fragments of proso
millet genomic DNA by AFLP technique (data
not shown). Vos et al. (1995) reported that
50 to 100 fragments of DNA are the typical
AFLP restricted amplified fragments detected
by radioisotopes on electrophoresis in
polyacrylamide gel. Our results, averaging
56 amplified fragments per gel, showed that
silver stained polyacrylamide gel retained the
resolution power of radiolabeled primers
and can be used to assign genetic variability
in proso millet. Silver-staining method is
preferable to standard radioactive method
because it eliminates the need of working with
radioactivity (Chalhoub et al., 1997).
Eight combinations of AFLP primers
produced at least 450 fragments, at times
difficult to read; of these; 339 were clearly
separated with 39 polymorphic DNA fragments
being detected (Table 1). The combination of
primers with two selective nucleotides and
three selective nucleotides amplified more
DNA fragments than the combination of three
and three selective nucleotides (data not
shown). Those bands were, however, difficult
to read.
Blears et al. (1998), in a review of the AFLP
procedure and its application, states that small
genomes (106-107 base pairs) need one to two
selective nucleotides on the 3’ end of each
primer to detect polymorphism while more
complex genomes (108-1010 base pair) need
additional selective nucleotides. In proso
millet with a small genome (106 base pairs),
pairs of primers with two selective nucleotides
were unable to reveal DNA polymorphism
among biotypes (data not shown) while primer
combinations, Mse-CTT/EcoR-AAC and
Mse-CAA/EcoR-ACT were effective producing,
on average, eight polymorphic fragments
(Table 1).
To gain insight about the genetic
relationships among proso millet biotypes, a
matrix of the presence or absence of bands was
analyzed by two methods. Genetic distance was
determined according to Nei & Li’s (1979) and
genetic similarity according to Tohme et al.
(1996). Table 1 shows the genetic similarity
calculated among proso millet biotypes. The
results showed that the genetic distance
ranged from 0.02 to 0.04. The greatest distance
was observed between Colorado-Weld County
black seeded biotypes and Wyoming-Platte
County brown seeded biotypes. The closest
related biotypes were the two wild-tan seeded
biotypes (Nebraska-Panhandle Center and
Colorado-Weld County).
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Analysis conducted by M’Ribu & Hilu (1994)
through RAPD and UPGMA association
based on Dice’s algorithm of similarity, (1945)
grouped proso millet according to their
geographic origin. In the present study using
the same unweighted pair group method but
based on NEI 72 (Nei, 1972), the biotypes did
not group by geographic distribution. It should
be pointed out that the geographic location
observed in our study was more limited than
the scale verified in M’Ribu & Hilu (1994). To
verify and contrast our results with M’Ribu &
Hilu (1994), a cluster analysis was performed
based on the same DICE algorithms.
Coefficients estimated from DICE algorithms
ranged from 0.96 to 1.0 while M’Ribu & Hilu
(1994) estimated coefficients varying from 0.60
and 1.0. The UPGMA cluster analysis based on
NEI 72 algorithm clearly identified two distinct
clusters in proso millet biotypes (Table 2): a
group formed only by weed biotypes and a group
composed by domesticated and weed biotypes
displaying domesticated characters. Studies
carried out by Karam (2000) showed that some
traits in weed biotypes of proso millet were
expected for domesticated varieties while early
biomass accumulation and early leaf area
development showed a correlation between
the expected trait and eco-physiological
parameters for domesticated and weed
biotypes in the same group of the twelve proso
millet analyzed in the present study.
Studies focusing on eco-physiological
traits (mean of dry shoot weight, leaf area,
absolute growth rate, plant height, and dry
weight partitioning) showed that seed weight
and seed coat percentage were not significantly
different between Canada-Rosemount and
Colorado tan seeded biotypes (Karam, 2000).
However, when comparing the competitive
ability of both biotypes, differences were
detected with Canada-Rosemount biotype being
more aggressive than Colorado biotype. The
author also showed differences in nutrient
accumulation between Canada-Rosemount
and Colorado tan seeded biotypes. It was stated
that the differences observed in growth and
competitive ability might be related to genetic
differences between the biotypes (Karam,
2000). Even so, 9% of polymorphic DNA between
Canada-Rosemount and Colorado tan seeded
biotypes (Table 2) were found in this study.
Based on AFLP polymorphic DNA fragment
analysis and the genetic distance estimates,
we find Canada-Rosemount to be more closely
related to domestic biotypes than tan-seeded
and Ontario-Canada black-seeded biotypes.
Table 2 - Ratio of polymorphic DNA fragments detected by AFLP procedure on domestic and wild proso millet biotypes 
estimated by Nei & Li (1979) definition of similarity 
Accession Number Accession 
Number Origin 
Seed 
Color 1 2 3 4 5 6 7 8 9 10 11 12 
  1 Minnesota-Cambridge olive             
  2 Canada-Rosemount black 0.04            
  3 Oregon-Grand Island olive 0.06 0.06           
  4 Canada-Huron County black 0.05 0.04 0.05          
  5 Nebraska-Panhandle Center tan 0.07 0.09 0.07 0.08         
 6 Wyoming-Platte County brown 0.06 0.08 0.06 0.07 0.02        
  7 Colorado-Weld County black 0.05 0.03 0.06 0.05 0.07 0.09       
  8 Colorado-Weld County tan 0.07 0.09 0.06 0.08 0.00 0.02 0.08      
  9 South Dakota domesticated brown 0.05 0.04 0.07 0.05 0.07 0.08 0.02 0.08     
10 Colorado domesticated white 0.03 0.03 0.05 0.05 0.07 0.08 0.02 0.08 0.02    
11 Colorado domesticated orange 0.03 0.01 0.06 0.04 0.08 0.08 0.01 0.08 0.03 0.02   
12 Colorado-Larimer white 0.03 0.02 0.06 0.05 0.07 0.08 0.02 0.08 0.04 0.02 0.02  
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In a study carried out by Karam (2000),
twelve proso millet biotypes were arranged into
three groups according to radicle length
parameter. Two groups were formed by plants
clearly displaying cultivated and weed plant
characters (radicle length average of 4.46 mm
and 0.76 mm, respectively), and a third group
was composed by plants that although being
classified as weed biotypes (Minnesota-
Cambridge, Oregon-Grand Island wild Olive,
Ontario Canada Huron County wild black,
Canada Rosemount wild black and Colorado-
Weld County wild black), showed intermediate
values for radicle length average (2.03 mm)
between cultivated and weed proso millet. In
the present study, the twelve proso millet
populations were arranged into two clusters by
AFLP markers. According to Karam (2000),
proso millet biotypes of the third intermediate
group also showed some cultivated plant
characters, such as non-dormant seeds, which
are features characteristic of domesticated
crop varieties. Previous studies with eco-
physiological traits concluded that Minnesota-
Cambridge showed less weed characteristics
than other wild biotypes and originated
through hybridization events between wild and
domestic proso millet biotypes (Striegel &
Boldt, 1981; Eberlein et al., 1990; Westra &
Callan, 1990), through analysis performed by
RAPD (Colosi & Schaal, 1997) showed that
Minnesota-Cambridge biotype was genetically
intermediate between wild and domesticated
proso millet. In the present study the
percentage of AFLP polymorphic bands
detected between Minnesota-Cambridge and
the other wild biotypes was 6.4%, while the
percentage within the wild group was 3.9%.
In this case, it should be pointed out that gene
flow between cultivated and weed forms of
proso millet accounts both for intermediate
morpho-physiological types of proso millet
encountered by Karam (2000) and clustering
weed types within cultivated proso millet
according to AFLP genetic markers, in the
present study.
Even though it is considered an
autogamous species, studies by Popov (1947)
reported at least 10% of cross-pollination
occurring between proso millet biotypes. Gene
flow between weed and cultivated proso millet
biotypes may be important for maintaining
genetic variability in this species and could
partially explain the aggressiveness and
success of proso millet weed in colonizing a
wide range of environments in North America.
Further studies are necessary to understand
the relative contribution of gene flow among
wild and cultivated biotypes of proso millet for
a successful proso millet weed cultivation and
weed management. It should be stated that
since proso millet is a self-pollinated species,
this study was carried out using eight plants
developed from seeds selected from bulk
population of each biotype. We suspect that the
variations observed in this study are more
related to the variations that may occur within
a population than to the variations across
populations.
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